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Abstract Understanding of impact characteristics is

the basis of studying the hydrodynamic characteristics

of water–rock flow. The impact and vibration charac-

teristics of water-stone flow on protective structures

were comprehensively studied in the research pre-

sented in this paper using an indoor large-scale test.

Five groups (A–E) of graded crushed stone particles,

combined with six levels of solid–liquid ratio (0.01,

0.05, 0.10, 0.15, 0.20, and 0.25) were used in this

testing program. The spectrum and the energy spec-

trum of impact acceleration signal were analyzed and

pertinent information was extracted using wavelet

theory. The test results showed that the auto correla-

tion curve of the impact signal had a maximum value

when the delay of impact acceleration signal (s) was

zero, and the curves on both sides of the instant of

impact were non-periodic, indicating that the period-

icity of the signal was poor. However, two observed

impulse signals were stable and they highly correlated.

Maximum energy of the shock signal was located in

the low frequency within an approximate coefficient

a8 band, and the maximum amplitude of each band

decayed from a low frequency (a8: 0–0.3905 Hz) to an

high frequency (d5: 3.125–6.25 Hz), while the atten-

uation amplitude decreased gradually. The real impact

acceleration signal of the water-stone flow was in the

band of 0–6.25 Hz, and the rest were a result of signal

noise. The research provided a new and innovative

methodology of studying the impact characteristics of

such debris flow, and also provided some significant

guidance for the design of water-stone flow disaster

prevention structures.

Keywords Water-stone flow � Model test � Impact

signal frequency spectrum � Energy distribution

characteristics � Disaster prevention and control

1 Introduction

Water-stone flow has common characteristics such as

suddenness, extensiveness, and a usually strong

catastrophic event. It is affected by solid particles

and their movement characteristics, such as small bulk

density, low viscosity, and strong collision events
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between particles (Wang et al. 2020; Zhang 2009).

Water-stone flow will cause serious harm to other

structures such as highways, tunnels, environment and

flood drainage flumes (Yang et al. 2014; Wu et al.

2021). China has many debris flow flumes, with

developed monitoring, early warning, and compre-

hensive treatment technologies, but the basic under-

lying theoretical research on debris flow still needs to

be strengthened (Cui 2009). The characteristics of the

impact acceleration signal in the frequency domain

can be described by analyzing the power spectrum

function of the impact acceleration signal of the water-

stone flow. These being the spectral characteristics and

signal density characteristics of the impact accelera-

tion signal, so as to further reflectively define the

movement characteristics of the water-stone flow.

Due to the suddenness and the potential disaster

characteristics of water-stone flows, the impact char-

acteristics of water-stone flows were mainly studied

through indoor models or tank tests. For example, Xu

et al. (2000) used the water trough to simulate the

water–rock flow segmented with characteristics of

coarse solid particles and low clay content, to solve the

discontinuous similarity of the solid-phase particle

gradation through the methods of geometric rate and

variable particle size scale. Savage (1979) revealed the

motion characteristics as being non-viscous particle

flow through the water tank experiment, and analyzed

the dynamic effects of particle flow; side wall friction,

faucet jumping and particle bounce. Nearing et al.

(1999) and Strutinskiy et al. (2018) studied the

entrainment effects of water flow on specific rocks

and surface sediment, and deduced relationships

between the flow velocity, flow rate and the properties

of solid particles entrained by the scour. They further

pointed out that on a rough surface, the flood velocity

was related to the flow and hydraulic radius, but not to

the slope. Guo et al. (2014) used a two-phase fluid

model to calculate the stable flow velocity of debris

flow along the riverbed and the role of solid and liquid

phases on the impact characteristics of debris flow. Ma

et al. (2016) and Chen et al. (2016) studied the flow

control and Catastrophe Characteristics of water-stone

flow start, and obtained the relationship between the

thickness of water-stone movement and the required

flow when water-stone start and the relationship

between the density of water-stone. He et al. (2014)

used the debris flow impact test model and found that

the average impact load of the water-stone flow was

proportional to the solid–liquid ratio and the particle

size: larger the solid-to-liquid ratio, smaller was the

impact of the water-stone flow faucet, whereas with

larger particle size greater was the impact on load

changes. Chechelnitsky et al. (2018) reported on the

results of the seismic studied on the disastrous water-

stone flow passing down the Kyngarga River. The

paper showed that the period of the flow activity of

debris was accompanied by a change in the properties

of microseisms, including the high-frequency compo-

nent (22–48 Hz) associated with the motion of the

solid fraction and the low-frequency component

(0.35–0.45 Hz) associated with the water

displacement.

There were moving average method (Hu et al.

2011) and wavelet de-noising method (Wang et al.

2020; Tang et al. 2013) used in the water-stone flow

shock acceleration signal processing. The analysis

method of ground motion can also be used for

reference (Zhuang et al. 2015; Ding et al. 2019).

However, the wavelet method was the main and

popular method. For example, Zhang et al (2019)

pointed out that the measured signal from the accel-

eration sensor contained noise interference, and ana-

lyzed the wavelet hard threshold and soft threshold de-

noising methods with their respective advantages and

disadvantages. Wang et al (2019) used wavelet theory

to analyze the dynamic characteristics of the impact

acceleration signal of the energy dissipation shed. He

et al. (2016) used the wavelet method to analyze and

extract the energy distribution characteristics from the

impact acceleration signal of the debris flow.

In order to explore the impact and vibration

characteristics of water rock flow on bridge pier and

other structures, water-stone flow impact model tests

with different solid–liquid ratios were carried out in

this research with different particle grading, in order to

collect the impact and vibration characteristics of

water-stone flow on a structure. The wavelet method

was used to process the impact acceleration signal and

analyze the signal’s frequency spectrum and energy

distribution characteristics, defining the characteris-

tics of the water-stone flow and signal distribution for

the indoor model test conditions. The research output

and methodology have positive contributions to the

expansion of debris flow research and testing methods

to help disaster prevention and mitigation.
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2 Experimental model and working condition

design

2.1 Experimental model design

The debris flow in Qipangou, Sichuan Province was

used as a prototype to build an experimental model of

the impact of the debris flow in the valley. Apart from

considering similar dimensions, the model included:

model experiment platform, water and stone supply

system and impact acceleration test system, etc.

(Fig. 1). The debris flow flume was U-shaped, with

an oblique length of 1060 cm, a height difference of

305 cm, a slope of 10�–36�, and a low roughness. The

net water storage capacity in the water supply tank was

1.04 m3, and the source tank could store about 600 kg

of graded gravel. The bottom of the water tank and the

bottom of the source tank were inter-connected with a

30 cm diameter pipe. The water output and the feeding

speed of graded crushed stone particles were con-

trolled via automatic control valves. Incorporating a

DH5922D dynamic signal test system, the impact

vibration acceleration signal of the water-stone flow

was collected by installing the Donghua 1A702E

underwater uniaxial piezoelectric acceleration sensor

(Fig. 2) in the flume. The overall size of the sensor

(length 9 width 9 height) is 27.5 9 26.5 9 20 mm,

with an axial sensitivity of 0 * 10 mV/m s-2 and a

frequency response of 0.5–10000 Hz, and the ampli-

tude is - 918 to 918 m s-2.

2.2 Experimental condition design and data

acquisition

The experiment, which was an indoor water-stone

flow model experiment, used an impact acceleration

sensor to monitor the impact motion characteristics of

the water-stone flow (under a known condition of

solid–liquid ratio) and a specific grade of granular

crushed stone particles. The experiment material

comprised of 5 groups of particle-graded solid phases

A–E (0–5 mm, 5–10 mm, 10–15 mm, 15–20 mm and

20–25 mm) prepared with sieved single sized crushed

stone particles, as shown in Fig. 3. The composition of

graded crushed stone, its uneven coefficient Cu and its

curvature coefficient Cc are shown in Table 1.

According to the appropriate particle grading group

and the 6 levels of solid–liquid ratios (ratio of solid

mass to liquid mass) of 0.01, 0.05, 0.10, 0.15, 0.20 and

0.25 set in the test, the test graded gravel materials

Fig. 1 Experimental model of water-stone flow. 1-Vibration acceleration sensor; 2-Debris flow flume; 3-Water outlet; 4-Gate; 5-Stone;

6-Water; 7-Diverter valve; 8-Water intake; 9-Steel support; 10-Lifting equipment

Fig. 2 Sensor installation diagram. 1-Water–rock flow; 2-Vi-

bration acceleration sensor; 3-Modified acrylic adhesive;

4-Steel plate; 5-Expansion bolt
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were prepared and weighed. Particle grading (5

groups, number A–E) and solid–liquid ratio (6 levels,

number 1–6) were combined to constitute 30 test

groups. With an additional clean water test, the total

number of test conditions was 31. Therefore, as an

example of the test nomenclature, C4 represented the

combination of group C grading with a solid–liquid

ratio of 0.15. As regards to the model debugging

Fig. 3 Gravel with different particle sizes
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situation, the effective time of test impact was set at

about 60 s, and the sampling frequency was 200 Hz. A

total of 39 sets of water-stone flow impact acceleration

test data (including 8 sets of repeated tests for

individual working conditions) were obtained during

this investigation. At the same time, the image data

from each test group were recorded using a high-speed

camera and the information was used to analyze the

movement characteristics of the water-stone flow.

3 Basic processing of impact acceleration signal

3.1 Basic experimental data

The impact of water-stone flow was closely related to

its density and velocity, and the basic information of

water-stone flow density and velocity was statistically

analyzed. In accordance with the experimental condi-

tions, the theoretical density of water-stone flow in

each test group was calculated by using Eq. (1).

q ¼ ms þ ml

Vs þ Vl
¼ ms þ ml

Vs=qs þ Vl=ql
ð1Þ

where q is water-stone flow density (kg/m3); qs is

debris flow density (kg/m3); ql is water density (kg/

m3); ms is mass of graded crushed stone (kg); ml is

mass of water (kg); Vs is volume of graded crushed

stone (kg); Vl is volume of water (kg).

In each working condition, three groups of water-

stone flow samples were collected with a measuring

cup at the gully, and then the collected samples were

averaged to obtain their density under test conditions,

as shown in Fig. 4. The theoretical density and the

measured density were compared as shown in Fig. 5.

With help from the video analysis software, the

video of each test group condition was analyzed, and

the flow velocity changes of clear water and water-

stone flow under various test conditions were mea-

sured, as shown in Fig. 6. Through comparison, it was

found that under the various test conditions, the

change in the water-stone flow velocity of each

working group and working conditions was very small

(probably because the solid phase occupied a

Table 1 Basic grading curve data of the crushed stone particle groups

Groups Accumulated percentage of particles smaller than size (%) Non uniform coefficient Cu Coefficient of curvature Cc

B 5 mm 5–10 mm 10–15 mm 15–20 mm 20–25 mm

A 80 90 95 98 100 5.61 1.40

B 30 70 90 96 100 5.25 1.82

C 10 30 70 90 100 2.71 1.48

D 4 12 30 70 100 2.05 1.33

E 1 3 7 20 100 1.38 1.14

Fig. 4 Water-stone flow density test under different working

conditions
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relatively small proportion in the test and had only a

minor effect on the water flow velocity). Therefore,

the water-stone flow velocity could be uniformly

expressed by the clear water flow velocity, and

consequently the change in the water-stone flow

velocity with time observed was as shown in Fig. 7.

3.2 Basic processing of impact acceleration signal

data

As per the set test conditions, the gravel sized crushed

stone particles were configured and the tests were

carried out. The dynamic signal test system collected

information for the impact acceleration time history

curve of the 31 sets of test conditions. As a typical

example, the original impact acceleration time history

curve for C4 condition was as shown in Fig. 8. This

curve clearly indicates the instant when the supporting

structure was impacted by the water flow as the

vibration acceleration of the supporting structure

instantly increased. With decrease in the flow, velocity

of the water-stone flow and the damping action of the

supporting structure, the impact acceleration showed a

non-linear decrease and then gradually stabilized.

The tail end of the collected impact acceleration

signal data stabilized eventually to a long signal

apparently useless as it is void of any information. The

original signal was ‘‘pinching and unwinding’’ and the

time was unified for further analysis (Fig. 8, the

original signal is shown in the inset at the upper right

corner of the figure).

3.3 Autocorrelation analysis of impact

acceleration signal

An autocorrelation of the impact acceleration signal

refers to the degree of similarity between a segment of

its own signal and each of the other segments of the

signal. Throughout the correlation analysis of the

signal, the dependence of the amplitude of the impact

acceleration signal at two different moments were

described, and then the relationship between the signal

amplitude and the fluid velocity was reflected.

The autocorrelation function reflected the degree of

correlation between the values at different times over

the same sequence. Periodic signal corresponding to a

period of T was x(t). The autocorrelation function

Rx(s) and the correlation coefficient qx(s) were defined

as (Wang et al. 2019; Yang et al. 2014):

RxðsÞ ¼ lim
T!1

1

T

Z T

0

xðtÞxðt þ sÞdt ð2Þ

qxðsÞ ¼
RxðsÞ � l2

x

r2
x

ð3Þ

where t is impact time (s); s is the delay of impact

acceleration signal; lx is the mean value of the signal;

rx is the standard deviation of the signal.

The above formula was programmed in MATLAB,

and the correlation analysis of impact acceleration

signal was carried out with C4 condition as an

example. The signal in Fig. 8 is a segment taken from

the complete impact signal. The autocorrelation of

complete signal and two intercepted signals were

analyzed to judge the stability of shock response, the

analysis results are shown in Fig. 9. The figure (a) is

the autocorrelation of the complete impact signal

under C4 condition, and the figure (b) and (c) represent

autocorrelation of the two intercepted signals.

Fig. 6 Measurement of flow velocity of water flow and water-

stone flow under various conditions
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Fig. 7 Time-history curve of flow velocity
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The results show that the autocorrelation curve of

the complete signal of C4 condition shows a peak

value of 7010.39 when s = 0, and the two sides are

aperiodic fluctuation. The autocorrelation curves of

similar shape can also be obtained by analyzing other

conditions. It shows that the impact of water-stone

flow vibrates obviously, but the periodicity is poor.

From the figure (b) and figure (c) in Fig. 9, it can be

seen that the correlation coefficient of the two

intercepted signals reaches 0.9748, indicating that

they are highly correlated. It shows that the impact

acceleration signal of water-stone flow is very

stable under the same condition.

Fig. 8 Whole and part time-history curve of impact acceleration under test condition C4
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4 Impact acceleration signal spectrum and energy

analysis

4.1 Frequency spectrum analysis of impact

acceleration signal

The impact acceleration signal was usually composed

of a real signal and a noise signal. According to

previous research results, debris flow impact signals

(Tang et al. 2013; He et al. 2016; Chen et al. 2012) and

impact acceleration signals (Zhang et al. 2019; Wang

et al. 2019) can be processed using wavelet elimina-

tion. Accordingly, this research also used the wavelet

method (daubechies(db)) to analyze the frequency

spectrum distribution and the signal energy distribu-

tion characteristics of the impact acceleration signal of

water-stone flow.

The db wavelet was used to denoise the signal and

extract some hidden features in the acceleration signal.

The regularity of the extracted, detailed information

increased with increase of the decomposition layer. In

order to satisfy the extraction of the detailed informa-

tion of the acceleration signal, this paper used the db

wavelet to decompose the impact acceleration signal

of the water-stone flow with 8-layer wavelet.

The above method was programmed into

MATLAB software to realize the Fast Fourier Trans-

formation (FFT), decomposition and reconstruction of

the shock acceleration signal. Taking the impact

acceleration signal of C4 working condition as an

example, the decomposed and reconstructed fre-

quency spectrum signal of each frequency band is

shown in Fig. 10. The statistical analysis characteris-

tics of the spectrogram are shown in Table 2. After

decomposition, 8 frequency band signals (Eq. 4), the

signal peak value and the frequency distribution of

each band were obtained (Table 2).

f ðtÞ ¼ a8 þ d8 þ d7 þ d6 þ d5 þ d4 þ d3 þ d2 þ d1

ð4Þ

where a8 is the approximate coefficient; d1–d8 is the

detailed coefficients of each decomposition layer.

From the water-stone flow in Table 2 (the decom-

posed spectrum of C4 working condition, as was

shown in Fig. 10) and the spectrum analysis of the

impact acceleration signal of clear water working

condition, it was inferred that the impact acceleration

signal was steep and single-peaked in the low

frequency range, but gradually converted to a flat

single peak in the high frequency range.

4.2 Energy distribution characteristics of impact

acceleration signal

There are two main methods for describing signals in

the frequency domain: energy spectrum and power

spectrum. The power spectrum was for periodic

signals, and the energy spectrum was for time-limited

non-periodic signals. The impact of water-stone flow

was a non-periodic signal, which was therefore

analyzed using energy spectrum. The frequency

spectrum analyses of the signal gave the energy

distribution at each frequency, and then obtain the

frequency value of the main amplitude and energy

distribution. Based on the wavelet transform method,

the water-stone flow impact acceleration signal was

transformed by FFT to obtain the change law of the

impact acceleration signal in different frequency

bands. The energy distribution of the impact acceler-

ation signal was obtained using the following integral

calculation.

E ¼
Z þ1

�1
x2ðtÞdt

¼
XN
i¼1

Z þ1

�1
f 2
i ðtÞdt þ

X
m 6¼n

Z þ1

�1
xmðtÞxnðtÞdt

ð5Þ

where x(t) is the original signal; fi(t) is the ith (i = 1, 2,

…, N) low-frequency signal obtained after wavelet

decomposition, and N is the total number of low-

frequency signals after decomposition; xm(t) and

xn(t) are the high-frequency signals obtained after

wavelet decomposition.

As a consequence of the orthogonal characteristics

of the wavelet, the j (j = 1, 2, …, N ? K) frequency

band signal xj(t) obtained after wavelet decomposi-

tion was simplified to x(t), and the total energy was

simplified to:

E ¼
XNþK

j¼1

Z þ1

�1
x2

j ðtÞdt ¼
XNþK

j¼1

Ej ð6Þ

Ej ¼
Z þ1

�1
x2

j ðtÞdt ð7Þ
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Ej=E ¼
Z þ1

�1
x2

j ðtÞdt=
XNþK

j¼1

Z þ1

�1
x2

j ðtÞdt ð8Þ

where Ej is the ability of the jth high-frequency signal.

Based on this and through MATLAB program-

ming, the impact acceleration signals from the 31

groups of working conditions were subjected to

wavelet transformation to obtain the corresponding

wavelet transformation reconstruction signal, fre-

quency spectrum, frequency band and other informa-

tion. Taking the C4 working condition as an example,

the reconstructed impact acceleration signal after

wavelet transformation was as shown by the red line

in Fig. 10. Further calculations gave the energy

distribution of the signal. The impact acceleration

signals of the 31 groups of working conditions were

imported into the MATLAB program to calculate the

energy analysis of the respective signals. The per-

centage of energy in each frequency band (a8–d8) to

the total energy of the signal was as shown in Fig. 11.

The ordinate in Fig. 11 is the energy percentage of the

impact acceleration signal, and the abscissa is the

natural logarithm of the maximum frequency in each

frequency band (for example, the frequency of the a8

frequency band is 0–0.3905 Hz, and the natural

logarithm of 0.3905 was taken as the abscissa).

It was evident from the analysis in Fig. 11 that the

energy of the impact acceleration signal of the clear

water flow and the water-stone flow were mainly

concentrated in the low frequency band (a8). Com-

pared with the clear water flow, the energy distribution

of the impact acceleration signal of the water-stone

flow was more extensive. This could be distributed to

the low-frequency frequency range from d8 to d5, and

the mid-high frequency range from d4 to d1 was

dominated by noise signals. The general trend of the

energy distribution of the impact acceleration signal of

water-stone flow gradually decreased with increasing

frequency, but due to the pulsating characteristics of

water-stone flow, the decreasing trend of each working

condition was not consistent (Fig. 12), such as the

trend of signal energy reduction fluctuated at the

frequency bands a8 and d8 in the A4 working

condition. At the same time, the impact signal energy

of water-stone flow increased with the increase of

solid-to-liquid ratio and particle size. Under the same

solid-to-liquid ratio condition, the energy of the

impact signal was approximately positively correlated

with the solid particles. The larger the solid-to-liquid

was, the more obvious the energy increase of the

impact signal was.

Further analysis of Fig. 11 showed that there was an

obvious exponential relationship between the upper

and lower limits of the impact acceleration signal

energy percentage of the water-stone flow and the

frequency. By adopting the asymptotic fitting of the

data, the correlation coefficient of the fitting relation

(R2) was around 0.994. It confirmed that under test

conditions, the energy ratio of the impact signal from

the water-stone flow was distributed within the

envelope range of the fitting relationship. In actual

engineering, the impact of low frequency bands should

be mainly prevented from acting on the engineering

structures designed to mitigate flood disasters, and this

frequency range was 0–0.4 Hz. For water-stone flow

Table 2 Statistical table of shock signal spectrum characteristics

Serial number Frequency spectrum (Hz) Signal peak of C4 (m s-2) Signal peak of q (m s-2)

Approximation coefficient: a8 0–0.3905 49.061 0.586

Detail coefficients: d8 0.3905–0.781 17.976 0.022

Detail coefficients: d7 0.781–1.562 12.878 0.019

Detail coefficients: d6 1.562–3.125 7.108 0.011

Detail coefficients: d5 3.125–6.25 4.003 0.001

Detail coefficients: d4 6.25–12.5 1.600 0.001

Detail coefficients: d3 12.5–25 1.057 0.001

Detail coefficients: d2 25–50 0.812 0.002

Detail coefficients: d1 50–100 0.811 0.004
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disasters, the impact of low frequency band should be

considered, and the frequency range was 0–6.25 Hz.

5 Conclusions

Through the analysis of both test data and image data

from testing the 31 groups of working conditions, the

following main conclusions were obtained:

(1) The autocorrelation curve of the shock acceler-

ation signal had a peak value when s = 0, and

there were non-periodic fluctuations on both

sides, indicating that the vibratory movement of

water and rock flow was obvious despite the

periodicity being poor. Two adjacent segments

of pulse signals in the same signal were highly

correlated, and the impact acceleration signal

generated by water and rock flow was highly

stable. The test provided a new methodology for

studying the impact characteristics from debris

flow.

(2) The wavelet theory was used to transform and

extract information from the impact accelera-

tion signal of water-stone flow. The maximum

value of the impact acceleration signal of water-

stone flow was located in the low frequency at

the approximate coefficient a8 frequency band.

The maximum amplitude of each frequency

band was attenuated from low frequency (a8:

0–0.3905 Hz) to high frequency (d5:

3.125–6.25 Hz), but the attenuation amplitude

gradually decreased. It means the effective

signal of water-stone flow impact was between

0 and 6.25 Hz, and the remaining mid-high

frequency bands are mainly noise signals. The

water-stone flow protection structure should

mainly consider the impact of the middle and

low frequency bands (0–6.25 Hz).

(3) The energy of the impact acceleration signal of

clear water flow and water-stone flow were

mainly concentrated in the low frequency band

(a8), accounting for 99.1% and 42.7–77.3%

respectively. The energy distribution of the

impact acceleration signal of water-stone flow

generally decreased with the increasing fre-

quency, but it was volatile. There was evidence

of asymptotic exponential relationship between

the upper and lower limits of the energy

percentage from the impact acceleration signal

and the natural logarithm of the frequency, and

the correlation coefficient was more than 0.990.
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Data availability The acquisition of experimental data is

obtained by the physical model experiment conducted in a

debris flow simulation laboratory at Zaozhuang University

(Shandong, China). The experimental results are repeatable.

Relevant scholars can use similar experimental models or visit

the laboratory to further verify the reliability of the experimental

data.
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